Objective: To evaluate the accuracy of pulse oximetry as a screening tool for congenital heart disease in asymptomatic newborns.
A recent Health Technology Assessment report reviewed the available evidence on the screening strategies for detection of congenital heart disease in newborns with the view to assist in policy making. The review identified four studies in which pulse oximetry was used as a screening test for congenital heart disease in asymptomatic newborns. It did not pool the results statistically and suggested the need for further evaluation of pulse oximetry as a screening method. Since the publication of this report, the results of more, large primary studies have become available, which may potentially alter the report's conclusion.
We therefore conducted a systematic review to collate all results and to update information on accuracy of pulse oximetry to detect congenital heart disease in asymptomatic newborns.
We carried out a systematic review with a prospective protocol using widely recommended methods. [18] [19] [20] [21] Identification of studies We searched MEDLINE (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , EMBASE (1996 EMBASE ( -2006 , Cochrane Library (2006) and MEDION (a database of diagnostic test reviews set up by Dutch and Belgian researchers) for relevant citations using the search terms "pulse NEAR oximetry", "infant-newborn", "neonate", "newborn", "infant", "congenital heart disease". The reference lists of all known primary and review articles were examined to identify cited articles not captured by electronic searches. There were no language restrictions. A comprehensive database of potentially relevant citations was constructed.
Study selection and data extraction
Studies which evaluated the accuracy of pulse oximetry in asymptomatic newborns for the detection of congenital heart disease were selected by a two-stage process. First, the electronic METHODS searches were scrutinised and full manuscripts of all citations that were likely to meet the predefined selection criteria were obtained by two independent reviewers (ST and JD). Second, final inclusion or exclusion decisions were made by the reviewers (ST and JD) after examination of these manuscripts. Studies which met the predefined and explicit criteria regarding population, tests, outcomes and study design were selected for the review (see appendix 1, available at http://adc.bmj.com/supplemental). Where disagreements occurred, they were resolved by consensus. In cases of duplicate publications, the most recent or complete versions were selected.
From each selected article, we extracted information on the study population which included age, test characteristics along with frequency and method of testing, and methodological quality, including verification of diagnosis of congenital heart disease by echocardiography. Accuracy data were used to construct 2x2 tables of pulse oximetry results (test positive if pulse oximetry values were below a threshold as defined in the primary study, and test negative if these were above the threshold) and presence or absence of congenital heart disease diagnosed by echocardiography (wherever employed). Where accuracy data were not extractable, we contacted the corresponding author by letter or email to seek his or her assistance in data extraction.
Assessment of methodological quality
All manuscripts meeting the selection criteria were assessed for their methodological quality. Quality was defined as the confidence that the study design, conduct and analysis minimised assessment bias in the estimation of test accuracy. On the basis of existing checklists, quality assessment involved scrutinising study design and relevant features of the population, test and outcomes of the study. A study was considered to be of good quality if it used a prospective design, consecutive enrolment, full verification of the test result with reference standard, and contained an adequate description of the test.
Data synthesis
From individual studies, measures of accuracy such as sensitivity and specificity were calculated with the 95% confidence interval. The true positive rate and false positive rate for various test thresholds were plotted in the receiver operating characteristics (ROC) space. We used a randomeffects bivariate model to meta-analyse estimates of sensitivity and specificity. Rather than using a single outcome measure per study, such as the diagnostic odds ratio in the summary ROC approach, the bivariate model preserves the two-dimensional nature of diagnostic data by directly analysing the logit transformed sensitivity log (sensitivity/(1-sensitivity)) and specificity log (specificity/(1-specificity)) of each study in a single model. This model estimates and incorporates the correlation that might exist between logit sensitivity and specificity within studies due to possible differences in threshold between studies.
We applied a standard correction of adding 0.5 to all four cells of the 2x2 table when either sensitivity or specificity was 100%. The model produces the following results: a random effect estimate of the mean sensitivity and specificity with the corresponding 95% confidence interval, the amount of between-study variation for sensitivity and specificity separately, and the strength and shape of the correlation between sensitivity and specificity. Using the parameters of the bivariate distribution we calculated a confidence ellipse around the summary estimates of sensitivity and specificity. All analyses were performed using the MetaDisc statistical package except to fit the bivariate model for which the Proc Mixed procedure in SAS (version 8.2 for Windows) was used.
Literature identification and quality of the studies Figure 1 summarises the process of literature identification and selection. A total of 558 citations were identified by electronic searches. After a detailed assessment of the papers, eight primary articles met the selection criteria, including a total of 35 960 newborns. Salient features of each study according to the population subgroups, test characteristics and reference standards are provided in appendix 1 (available at http://adc.bmj.com/supplemental). Pulse oximetry was performed on asymptomatic newborns in all studies, with three studies excluding newborns who were antenatally diagnosed as having congenital heart disease.
In the reviewed studies either functional or fractional oxygen saturation was measured by pulse oximetry, with oxygen saturation below 95% as the cut-off level in most studies. Functional saturation is the ratio of oxygenated haemoglobin to all haemoglobin capable of carrying oxygen; fractional saturation is the ratio of oxygenated haemoglobin to all haemoglobin (including that which does not carry oxygen). Fractional saturation is approximately 2% lower than functional saturation. There was variation in the age of first testing, ranging from 2 h to more than 24 h. In four studies, levels of oxygen saturation were measured after 24 h of birth or just before discharge.
The outcomes assessed were congenital heart disease or critical cardiovascular malformation. Six studies were prospective studies and two were case-control studies. There was a lack of blinding for the reference standard assessment in all the studies. Differential verification of the pulse oximetry results for congenital heart disease was done either by echocardiography in neonates with low oxygen saturation or by clinical follow-up in those with normal levels. Figure 2 provides a summary of the methodological quality of the studies included in the review.
Accuracy of pulse oximetry as a screening tool for congenital heart disease
The sensitivity (true positive rate) of pulse oximetry for detection of congenital heart disease varied between 25% (95% CI 13% to 41%) and 98.5% (95% CI 91.8% to 100%). The test had high specificity in seven studies (98% (95% CI 98% to 99%) to 100% (95% CI 99.8% to 100%)) resulting in false positive rates between 0% and 2% (95% CI 1% to 2%).Hoke et al's case-control study had relatively low specificity (88% (95% CI 87% to 89%)) and high false positive rate compared with the other studies (12% (95% CI 11% to 13%)) for threshold level of functional saturation less than 95% in the foot. The actual number of infants with false positive results was not certain in this study as not all newborns with abnormal screening tests underwent echocardiography or clinical examination. The highest sensitivity (98.5% (95% CI 91.8% to 100%)) was obtained using threshold levels of functional saturation <95% in both limbs or at least RESULTS 3% difference in saturation between foot and right hand. The highest specificity (100%) was obtained when the test was performed after 24 h of birth or near discharge. The sensitivity of pulse oximetry was higher in those studies that screened for critical or cyanotic congenital heart disease compared with studies that screened for congenital heart disease of any type (fig 3 ) .
The threshold used most commonly to detect congenital heart disease was levels of oxygen saturation less than 95% (table 1 ) . Only one study explored the added value of pulse oximetry above the accuracy achieved through clinical examination. The combination of pulse oximetry and clinical examination had a sensitivity of 76.9% (95% CI 46.2% to 95%) and specificity of 99.9% (95% CI 99.8% to 100%). 11 The bivariate summary estimates of sensitivity and specificity were 63% (95% CI 39% to 83%) and 99.8% (95% CI 99% to 100%) respectively, yielding a false positive rate of 0.2% (95% CI 0% to 1%). The summary estimates of the individual studies are represented as a confidence ellipse in Figure 3A . The various other reported threshold levels of oxygen saturation and their accuracy measures are given in Figure 3B .
Our review has identified pulse oximetry as a potentially useful screening test for congenital heart disease in asymptomatic newborns. Pulse oximetry is a non-invasive, readily available, relatively cheap, well-validated test currently carried out by either a nurse or a doctor. 1 Published individual studies have lacked the large numbers of patients necessary to confidently estimate the accuracy of the test. Our review and meta-analysis have tried to address this issue by collating the results of published studies.
The high specificity reflects the low false positive rate of this test. The highly specific nature of the test also signifies that a low pulse oximetry reading in asymptomatic newborns "rules in" congenital heart disease until proved otherwise. 27 The sensitivity of the test, however, is varied, with wide confidence intervals that may be attributed to the low prevalence of the condition. This is best seen in Figure 3A , in which the confidence ellipse displays a narrow specificity axis, a reflection of the consistency in the specificity observed across all studies. The wider sensitivity axis is an indication of the reduced confidence we have in the accuracy of its sensitivity.
The validity of the findings of our review is dependent on the methodology of the systematic review and the quality of the individual studies included. An extensive literature search was performed using relevant databases without any language restrictions to minimise the possibility of missing any study. The quality of most of the studies was compromised due to the differential verification by either echocardiography (in test positive cases) or clinical follow-up (test negative) cases. Perhaps this is unavoidable. Two of the included studies were case-control studies, a design that biases the results by overestimating the diagnostic odds ratio. Furthermore, the absence of blinding, and absent or poor description of the test or reference standard could have affected the results of the review. The significant heterogeneity observed in the results could be a reflection of DISCUSSION the type of saturation chosen for the cut-off level (functional v fractional), method of testing and the inclusion or exclusion of newborns diagnosed as having congenital heart disease antenatally, thereby leading to a spectrum of variation. None of the studies evaluated acceptability of "babies" testing to parents and the psychosocial impact of false positive results or identification of noncritical congenital heart disease.
We used a bivariate analysis model for meta-analysis with a random effects approach to obtain summary estimates of both sensitivity and specificity. This model accounts for the heterogeneity between studies caused by different threshold settings. In addition, the model acknowledges the difference in precision by which sensitivity and specificity have been measured in each study. This means that studies with larger numbers of patients with the target condition receive more weight in the calculation of the summary estimate of sensitivity, whereas studies with more patients without the target condition are more influential in the pooling of specificity. The model accounts also for the residual heterogeneity due to clinical or methodological differences between studies. Unfortunately, we could not perform an explicit analysis of these potential sources of heterogeneity due to the limited number of studies included in our review.
Given the rarity of the outcome-that is, congenital heart disease in the general population-large, well-conducted and robust studies are essential to confirm the value of pulse oximetry as a screening test, in isolation or in combination with clinical examination to obtain precise estimates of its sensitivity. Further research is needed to evaluate the effect of screening on parents and its acceptability to parents and healthcare professionals, especially with the possibility of nonsignificant lesions being detected during echocardiography, and the costs and cost-effectiveness of the screening programme for healthcare services.
What is already known on this topic
Congenital heart diseases in newborns if identified early can be successfully treated. Clinical examination of newborns for murmurs and cardiovascular function does not have good detection rate. As a result many babies present with complications after discharge from hospital. There is currently no effective screening tool for this condition. Pulse oximetry can pick up desaturation of blood objectively.
What this study adds
Pulse oximetry is highly specific for detecting congenital heart disease. Current estimates of sensitivity to detect congenital heart disease are imprecise. This is a promising technique that needs large, well-conducted studies to assess the
